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Introduction
Over the last few years, additive manufacturing (AM) techniques have received considerable attention due to their ability to produce components with complex geometries that cannot be fabricated by other techniques [1, 2] . This potentially allows components to be produced with fundamentally new architectures and, therefore, the prospect of new, more efficient component designs. For specific applications, AM also offers the prospect of minimising material loss, hence reducing finished component cost. Amongst AM techniques, selective laser melting (SLM) utilises the selective densification of a pre-alloyed powder by melting a powder bed in a layer-by-layer manner through scanning or rastering a laser beam in a path that defines the geometry desired [2] [3] [4] .
In the power generation and aerospace industries, the high temperatures and stresses that must be tolerated by certain components in gas turbine engines necessitate the use of nickel-based superalloys. As such, the amenability of this class of alloys to processing by AM techniques, including SLM, has received much interest [5] [6] [7] . With such techniques, epitaxial growth of columnar grains occurs along the build direction resulting in microstructures that have been compared to those of directionally solidified superalloys [7] [8] [9] [10] . Studies of nickelbased superalloys processed through AM techniques have shown that the deposition parameters such as laser power, laser scan strategy and laser scan speed have a strong effect on the solidification structure of the deposits. Parimi et al. [11] have shown that a high laser power results in a columnar grain structure with a strong <001> texture along the build direction. Dinda et al. [12] reported that a unidirectional scan pattern gave rise to a fiber texture, while a backward and forward scanning pattern lead to a rotated cube texture. Carter et al. [13] , in their island scan strategy, found columnar grains with a strong texture in the island centres, while the boundaries showed finer elongated grains, with no discernible texture.
Recently, Wei et al. [14] reported a numerical model of the solidification growth patterns produced by AM to tailor the texture and to improve the resultant mechanical properties.
In addition to affecting the solidification textures, the processing parameters have a strong effect on the other microstructural features. With lower power densities during deposition, very rapid cooling rates are achieved which lead to refined microstructural features. As a
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3 result, AM processed alloys have been seen to exhibit improved properties compared to their conventionally processed counterparts. From the TEM observations on the as-SLM state of IN939, Kanagarajah et al. [15] reported elongated microstructures composed of low-angle boundaries in the build direction, which possessed superior tensile properties than the cast condition. However, the resultant microstructures may not always be favorable. For example,
Kunze et al. [16] reported that the strong crystallographic textures in IN738LC processed by SLM, lead to pronounced anisotropy in the mechanical properties.
SLM processing has also been shown to strongly influence γʹ precipitation behavior. In the SLM processed IN939 [15] , the γʹ phase was detected only after ageing heat treatment.
In a study by Zhang et al. [17] the microstructure of IN718 in the as-deposited state was
shown to comprise of fine cells with limited precipitation of γʹ and γʹʹ, as well as a high density of dislocations at the cell boundaries. Due to very high cooling rate encountered during the solidification of SLM processed materials, post-SLM heat treatments are necessary to develop γʹ precipitates to the desired size. For example, HIPing of the SLM processed IN718 at 1163˚C, has been reported to give uniformly distributed 250 nm sized γʹʹ precipitates within the recrystallised regions [18] . Additionally, heat treatment may also be necessary to relieve the residual stresses generated as a result of differential thermal contraction of successive layers during deposition. Heat treatments may also be used to reduce the anisotropy in the deposited samples by allowing recrystallisation. However, the conditions required to achieve this have been shown to vary from alloy to alloy. In a study by Etter et al. [19] , it was shown that substantial recrystallisation takes place in Hastelloy X following heat treatment for 4 hours at 1200˚C.
In contrast, Kunze et al. [16] , observed no recrystallisation or grain growth in SLMprocessed IN738LC after several hours at 1180˚C.
To date, studies of nickel-based superalloys processed by AM techniques have provided insight into the influence of the deposition parameters and the alloy chemistry on the final microstructure. However, there remains a lack of detailed understanding of the nucleation and growth of γʹ precipitates, during SLM processing and through subsequent heat treatments. This is particularly important for those nickel-based superalloys that have high γʹ volume
fractions needed for high temperature service as such superalloys are more prone to processing issues and defects during AM. In the present study, the microstructure of the high γʹ volume fraction alloy CM247LC in the as-SLM state has been characterised in detail using scanning electron microscopy, as well as conventional and high-resolution transmission electron microscopy. Electron back-scattered diffraction was also performed across a range of length scales to characterise the texture variations across the material. In addition, the microstructural changes that take place after heat treatment below the γʹ solvus temperature have been determined and related to the as-SLM microstructure. A comparison of these microstructures to conventionally-cast CM247LC has also been made.
Material and experimental method
CM247LC was supplied by LPW Technology Ltd., UK, as a pre-alloyed, gas-atomised powder with a log-normal particle size distribution varying between 15 and 70 µm. The composition of the alloy provided by the supplier is given in Table 1 . As shown in Fig. 1 , the powder particles were mostly spherical, although satellites and morphological irregularities were also observed. Selective laser melting was carried out under an argon atmosphere (oxygen level < 0.1%) using a 200 W IPG ytterbium fibre laser onto a base plate of DIN 1.1730 grade tool steel, maintained at 80˚C. A succession of 20 m thick layers of CM247LC powder was spread over the base-plate and consolidated by rastering a laser beam. A schematic representation of the laser deposition strategy used to produce a cylindrical specimen is presented in Fig. 2 . The reference frame used to describe the build process is shown in Fig. 2a , overlaid on a block of three deposited layers. The laser scan pattern was rotated by an angle of 67˚ between successive layers along the Z-direction, following the approach of Dimter et al. [20] in order to homogenise the heat flow during the consolidation process, as well as to reduce both manufacturing defects and to relieve stresses, Fig. 2b . Within the XY plane of each layer, the area was divided into stripes (Fig. 2c ) by melting the powder on the stripe primarily. Bet w een these st rip es, t he laser beam was continuousl y scanned in a back and forth manner, as represented in the region marked by the white circle in Fig. 2c . As indicated by the enlarged view in Fig. 2d , there was an overlap between each laser scan during consolidation. After completion of the laser
deposition process, the specimen was detached from the base-plate via electro discharge machining (EDM) and sectioned for examination using the techniques described below.
To ascertain the effect of high temperature heat treatment on the microstructure, a 10 mm thick slice of the as-SLM sample was encapsulated in an argon back-filled quartz ampoule.
The encapsulated sample was then subjected to heat treatment at 1230˚C for 2 hours, followed by air-cooling. Samples in this microstructural condition are subsequently referred to as SLM+HT.
CM247LC in the conventionally cast (CC) state was supplied by Rolls-Royce plc. Derby, UK and subjected to a solution heat-treatment of 1260°C for 18 hours followed by aircooling. The sample was further aged at 870°C for 18 hours before furnace cooling.
Sections of the heat-treated sample were prepared using the same protocols as the as-SLM and SLM+HT samples, to allow comparison between the resultant microstructures.
Phase transformation temperatures were determined using differential scanning calorimetry (DSC) with a NETZSCH 404 calorimeter. Circular discs, 5 mm in diameter and with an average thickness of 1.3 mm, were used for the thermal analysis. The measurements were carried out in an argon atmosphere, with a flow rate of 50 mL min -1 . The heat flux was recorded as the samples were heated at a rate of 10°C min -1 from room temperature to 1450°C before cooling back to room temperature at the same rate. The data acquired during the heating cycle was used to determine the phase transformation temperatures.
The phases present were characterised using a Bruker D8 X-ray diffractometer, with CuKα radiation operated at 40 kV and 40 mA. A nickel filter, 0.012 mm thick, was used to suppress Kβ peaks in the XRD profile. Each scan was performed across the angular range (2θ) from 20° to 80°, with a step size of 0.05° and a dwell time of 5 s.
Representative transverse and longitudinal sections of the SLM specimens, perpendicular and parallel to the build direction (Z) respectively, were prepared for microstructural analysis. The specimens were mounted in a conductive Bakelite resin, ground with a succession of SiC papers before being polished to a mirror finish using 0.04 µm colloidal silica suspension. In addition, in order to characterise the γʹ precipitates, samples were etched in Kalling's reagent (5 g CuCl2 + 100 mL HCl + 100 ml distilled water).
The microstructures of the samples were imaged using scanning electron microscopy (SEM) in The equilibrium phase fractions and phase transformation temperatures of CM247LC were predicted with the thermodynamic modeling software, Thermocalc, using both the TCNI5 [22] and TTNI8 [23] databases. In these calculations, only the liquid, γ, γʹ and MC carbide phases were considered.
SEM images were captured in the back-scattered electron (BSE) mode to accentuate the pores and cracks. These images were subsequently analysed using the image processing software,
ImageJ [24] , to quantify the area fraction of porosity and the length of cracks present in the as-SLM state.
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Results

Thermal analysis
The DSC thermograms acquired during heating samples of CM247LC in the three different microstructural states are presented in Fig. 3 . The data obtained on cooling are not shown, as only the data obtained during the initial heating cycle are representative of the thermo-mechanical history of the samples prior to testing. In all three microstructural states, an abrupt change in heat flow was observed at around 1250˚C, associated with the start of dissolution of γʹ precipitates. For the as-SLM sample, this change initiated at 1254˚C, whilst that of the SLM+HT sample began at 1246˚C. In both of these samples, dissolution of γʹ precipitates was seen to be complete by 1265˚C, and this was taken to be the solvus temperature of the γʹ phase, T γʹ . In contrast, the alloy in the CC state showed complete dissolution of the γʹ phase at the lower temperature of 1252°C. As the onsets of melting for the three microstructural conditions were not sharply defined in the DSC thermograms, the solidus temperature, T s , for each sample was determined from the associated DSC thermogram using the deflection from baseline method reported by Boettinger et. al [25] . In the as-SLM and SLM+HT samples, the solidus temperature was observed to occur at 1279˚C, whilst in the CC state the solidus occurred at the higher temperature of 1295°C.
However, it was noted that the proximity of the γʹ solvus and the onset of melting made unambiguous determination of the solidus temperature difficult. In all three microstructural states, a noticeable change in heat flow was detected within 1°C of 1356˚C and this was attributed to the start of dissolution of the carbides, T c . The liquidus temperature, T L , of all of the samples was observed to occur at 1373°C. The key transformation temperatures determined by DSC are summarised in Table 2 .
Thermodynamic equilibria calculations
The equilibrium phase fractions predicted using Thermocalc with the TCNI5 and TTNI8 databases as a function of temperature are presented in Fig. 4 and the key transformation temperatures obtained from these results are summarised in Table 2 . The liquidus, solidus and carbide dissolution temperatures predicted using TTNI8 were all in good agreement with the experimental values, noting that the solidus could not be reliably
determined from the as-SLM and SLM+HT samples. In contrast, the agreement between the experimental transition temperatures and those predicted using TCNI5 was poor, with the liquidus temperature being over predicted and both the solidus and carbide dissolution temperatures being under predicted.
In spite of the poor correlation between the experimentally determined liquidus, solidus and carbide dissolution temperatures with those predicted using TCNI5, the γʹ solvus temperature obtained with this database was in better agreement with the measured values than that predicted using TTNI8.
Characterisation of the as-SLM microstructure
BSE micrographs of the as-SLM sample parallel and perpendicular to the build direction are presented in As each traverse partially overlapped the previous one, some remelting occurred, leading to the formation of the small grains. Limited occurrences of small grain clusters were also observed in the longitudinal cross section, Fig. 5c .
The bands of elongated grains were consistent with lateral growth of grains from the fusion boundary during solidification, parallel to the direction of the greatest thermal gradient.
However, as each deposited layer was only 20 µm thick, very precise sectioning would be required in order to capture an entire band within the observation plane. The elongated grains bounding the banded regions in Fig. 5b and d were associated with partial sectioning through the layers above and below the principal layer examined. These layers were both rotated 67˚ from each other.
The EBSD maps obtained from the longitudinal and transverse sections, Examination of the as-SLM sample at higher magnification revealed the presence of a
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
10 fine cellular structure within each grain, Fig. 7a . These cells appeared equiaxed in the section examined and can be visualised as rods, with a diameter of about 500 nm extending along the length of the grain. A similar structure was reported by Carter et al. [13] , although in that study, the cells were mistaken for fine elongated grains. In Fig. 7a , fine particles were also observed on the cell boundaries. The bright contrast of these particles in BSE imaging was indicative of elevated concentrations of elements with high atomic number. This was confirmed through TEM-EDX mapping, the results of which are discussed in a later section. Less abundant, larger particles were also observed, of a size amenable to SEM-EDX characterisation. The largest particles were spherical and found to be (Hf, Al) rich oxides. It is conceivable that these oxides originated from impurities and moisture present on the powder particle surfaces. It is also possible that interaction with the environment during the deposition process may have contributed to oxide formation. The smallest particles were identified as being Hf-rich MC carbides and arise a result of the high carbon and refractory metal content of the alloy.
To evaluate further the orientation distribution of the cells in the grains, an EBSD map was collected with a finer step size of 0.05 µm. A single grain within the field of view was identified by setting a threshold on the inter-pixel misorientation angle of 1˚. The average orientation of all data points within this grain was determined and an orientation map was generated centred on the mean grain orientation. This orientation map is given in Fig. 7b and the associated mean grain orientation is identified by the red cross in the IPF-Z given in the figure legend. The blue points on the IPF-Z show the orientations of the individual data points. This method enabled small areas of uniform colour to be associated with individual cells in Fig. 7a . The uniformity of colour within a cell suggests that it has a single orientation, but those small misorientations between adjacent cells leads to gradual variations across the colonies. These observations are consistent with the progressive change in misorientation across grains identified in Fig. 5c to f.
In order to provide more detailed information about the microstructure, TEM analysis was performed. A bright field image of a region containing several cells, viewed parallel to the cell axes is given in Fig. 8a . As with the EBSD analysis, the cells exhibited different Fig. 8c . Both Fig. 8a and Fig. 8c show extensive networks of dislocations on the cell boundaries. Dislocations were also observed within the cells, but at a much lower density. These dislocations were very tortuous, and appeared to be dissociated into partials. Closer examination of the dislocations in the cells in smaller, hence generating a weaker signal, than those more off-axis. The elemental concentration maps show that the boundaries are slightly enriched with the Al, Ti, and Cr, whilst the particles visible at the cell boundaries were found to be rich in Ti, Hf, Ta, Mo and W. This enrichment is consistent with these particles being MC carbides. Interestingly, Al was also found to segregate to these carbides, which suggests that these are metastable carbides. The γʹ precipitates could not be characterised directly using STEM-EDX at this magnification due to their fine size. However, enrichment of Al and Ti at the cell boundaries may have promoted their formation in these regions, leading to the larger γʹ precipitates observed.
Characterisation of the SLM+HT microstructure
BSE micrographs of the SLM+HT sample from the longitudinal and transverse sections are given in Fig.11a and b respectively. EBSD data from the same regions are presented as IPF-Z maps in Fig.11c for conventionally cast CM247LC [28] . In addition, carbide particles were identified, ranging from 200 to 500 nm in size. Whilst these carbides were predominantly located at the grain boundaries in chain-like configurations, some were also found inside the grains.
Transmission electron microscopy of the recrystallised and non-recrystallised regions revealed subtle differences in the shape and distribution of the γʹ precipitates in these regions. A bright field image of an unrecrystallised region is shown in Fig.13b . In this figure To examine the nature of the carbides observed in the microstructures of CM247LC, Xray diffraction spectra were acquired from the samples in the as-SLM, SLM+HT and CC conditions, Fig.14. As expected, the diffraction spectra were dominated by the fundamental reflections from the γ and γʹ phases. Importantly, the majority of the weaker reflections were consistent with the presence of MC carbides only. In the as-SLM condition, the MC carbide reflections were observed to occur at higher diffraction angles than those seen in the spectrum from the CC sample. This was attributed to compositional differences between the carbides formed during SLM processing, which may be metastable as a result of the rapid cooling, and those produced through casting and subsequent heat treatment, which may be closer to thermodynamic equilibrium. This hypothesis is supported by the results obtained from the SLM+HT sample, which showed two sets of MC carbide reflections; the stronger reflections were consistent with those observed in the CC sample and a weaker set were consistent with those seen in the as-SLM sample. This suggests that the post SLM heat treatment allowed redistribution of elements between the carbides that initially formed and their surrounding matrix, forming two distinct populations. The lattice parameters obtained from these reflections span the range reported for MC carbides
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containing Hf, Ta and Ti [29, 30] . However, more detailed characterisation would be required to unambiguously determine their respective compositions.
To evaluate the effect of the microstructural differences between CM247LC in the as-SLM, SLM+HT and CC conditions on the mechanical properties, hardness tests were performed. In the as-SLM condition, a hardness of 400 ± 9 HV was obtained. This was significantly lower than the value of 512 ± 9 HV obtained from the sample in the SLM+HT state. In contrast, the coarser, multi-modal γʹ precipitate distributions in the SLM+HT microstructure provide significant strengthening. Although the as-SLM material contained a higher dislocation density than the SLM+HT state, the hardening afforded did not compensate for the reduced precipitate strengthening. The hardness of CM247LC in the CC state was measured to be 553 ± 34 HV. This value was higher than that obtained from the alloy in the SLM+HT condition and was attributed to a more optimal γʹ precipitate size distribution. Interestingly, the greater standard deviation in hardness measured in the CC state suggested that SLM processing allows the development of a more homogeneous microstructure, even accounting for the variable extents of recovery and recrystallisation across the SLM+HT material.
Manufacturing defects
Cracks and porosity were observed in the as-SLM condition of CM247LC. A representative BSE micrograph of a large area from the transverse section near the periphery of the sample is shown in Fig. 15a and a higher magnification image in the vicinity of one of the cracks is given in Fig. 15b .
Pores with sizes varying from 0.5 to 20 µm were randomly distributed across the sample and constituted approximately 0.013 area % of the section examined. Two types of porosity were identified; small pores associated with gas bubbles that formed during the melting, and large pores generated by inclusions removed during the sample preparation.
The origin of the larger pores from inclusions was elucidated through SEM-EDX analysis of the surrounding material, which exhibited higher concentrations of both Hf and Al than the
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16 matrix (46 wt.% more Hf and 4 wt.% more Al).
The spatial distribution of the cracks was found to be inhomogeneous throughout the specimens. Cracking was observed to be more prevalent at the edge of the specimens than in the bulk and propagated over longer distances. The average crack length at the periphery of the sample was estimated to be 1.15 mm.mm -2 . Although, it was noted that cracks often formed discontinuous paths across the sample. In contrast, the average crack length in the centre of the sample was 0.3 mm.mm -2 and occurred more commonly as isolated cracks.
Examination of a crack at higher magnification, Fig. 15b , revealed both inter-and intragranular propagation modes, preferentially following cell boundaries. As a result, the crack paths were observed to be either straight or serrated, depending upon whether the section examined was parallel to or perpendicular to the principal axes of the columnar cells. In the longitudinal direction, some of the cracks were observed to cross multiple deposited layers, suggesting that cracking was not confined to the solidifying material alone during deposition. The density of cracks in the longitudinal section appeared to be lower than that of the transverse section, being 0.6 mm.mm -2 at the specimen's periphery and 0.25 mm.mm -2 at its core, although this may be a sectioning effect. Notably, due to the three dimensional character of the crack, it was difficult to pinpoint the precise location of crack initiation.
Given the local misorientations between the cells and the high dislocation densities observed at their boundaries, Fig. 8a , significant deformations and stress concentrations must have been present, encouraging crack initiation and propagation in these regions.
Discussion
Low and high magnification BSE images of the microstructure of the conventionally cast CM247LC in the supersolvus heat-treated condition are shown in Fig. 16a and b . The microstructure comprised 100-150 µm grains containing a bimodal distribution of γʹ precipitates. The secondary and tertiary γʹ precipitates were 300 to 400 nm and ~50 nm, respectively. Having been subjected to a supersolvus heat treatment, no primary γʹ precipitates were present at the grain boundaries. In addition, the CC microstructure contained a dispersion of MC carbides at the grain boundaries. In contrast, the microstructure of the as-SLM CM247LC investigated in this study was markedly different. Layer-wise melting of the alloy led to epitaxial growth of columnar grains in which the crystallographic orientation is based on the bottom of the melting pool. This solidification mode generated material with a strong cube texture along the build direction. These columnar grains were formed of distinct cylindrical cells that had small misorientations with respect to one another. Very high temperature gradients generated during SLM processing subjected adjacent areas of the material to large strains as a result of differential thermal contraction. These strains induced localised plastic deformation and this was reflected by the appearance of high dislocation densities, primarily at the cell boundaries. The high temperature gradients also inhibited the growth of γʹ precipitates, which remained very small, being around 5 nm, and were homogeneously distributed throughout the cells (Fig. 8) . However, larger γʹ precipitates were also identified at the cells boundaries, suggesting that the internal energy at these locations was sufficient for precipitates to form and grow. This energy may be provided by both the This can be attributed to the very fine γʹ precipitates present in the microstructure in the as-SLM state, which were of the order of 5 nm. This size is well below the transition from weak to strong dislocation coupling expected in superalloys [31, 32] and therefore the precipitates offer very limited resistance to dislocation motion. Much of the strength of the alloy was restored by post deposition heat treatment, which led to localised recovery and recrystallisation in the microstructure. With the heat treatment conditions used in this study, the extent of recrystallisation was limited and, as such, a strong cube texture was preserved. These changes were accompanied by coarsening of the γʹ precipitates to a scale comparable to that of the conventionally cast microstructure. Notably, the morphology of the MC carbides was unaffected by the heat treatment and were similar to that of the conventionally cast material. Although, data acquired using X-ray diffraction, Two types of defects were observed in the SLM material, porosity and cracking. The porosity was attributed to gas released from the molten material, whilst the crack occurred as a result of the high thermal stresses generated during deposition and cooling. In principle, both defects may be controlled by process optimisation and cleanliness. In the material examined in this study, the cracks were the more prevalent and concerning defect. A previous study by
Carter et al. [16] on selective laser melted CM247LC suggested ductility dip cracking as the cracking mechanism. This cracking mechanism is known to occur during welding of nickel-based superalloys [33, 34] . However, the observations made in this study were not consistent with the ductility dip cracking. Critically, cracks follow grain and cell boundaries, which have been shown to have high dislocations densities. This suggests that the cracking is intimately linked with thermal contraction stresses of the cellular networks. The application of the post-SLM heat-treatment did partially alleviate the stresses present in the microstructure, as evidenced by the diminution of the dislocation content through recovery and recrystallisation. However, the heat treatment selected for this study led to the localised occurrences of both of these processes within the microstructure. For practical application of components fabricated using SLM processing it may be preferable to have an exclusively recovered or recrystallised microstructure. Alternative heat-treatments should therefore be selected at different temperatures that favour one or other of these processes. Critically, such heat treatments are not able to eliminate cracks formed during SLM. As such, post-fabrication HIPing may be required and, indeed, previous studies have shown promising results from HIPed material [16] .
Conclusions
In this study, detailed characterisation of the microstructure of the nickel-base superalloy CM247LC has been performed following SLM processing and after subsequent A C C E P T E D M A N U S C R I P T
